Abstract: Water quality of the Galing River in Kuantan, Malaysia was examined to understand the anthropogenic environmental load in each administrative section, using water quality monitoring data and land use pattern. The National Physical Plan 2005 identified Kuantan as one of the country's future growth centers, which has resulted in rapid development and environmental degradation in the past decade. Multiple water quality indexes used by the Department of Environment, Malaysia and concentrations of several ionic species were examined to assess the river's water quality. The following inferences were drawn in this study: (1) Cl − and Na + concentrations indicated that the basin area near the eastern urbanized area was subject to lesser human influence and lower environmental burden; (2) the Western side of the Galing River was subject to higher anthropogenic influence and indicated lower class levels of ammoniacal nitrogen, chemical oxygen demand, and dissolved oxygen, compared to the eastern side; (3) Class V or near class V pH values were obtained upstream at the western side of the Galing River in the industrial area; (4) Two types of environmental burden were identified in the western side of the Galing River, namely, inflow of industrial wastewater upstream on the western side and the effect of household wastewater or untreated raw sewage wastewater.
Introduction
Water pollution and eutrophication of lakes, rivers, and oceans has been caused by the increased influx of wastewater due to rapid economic, industrial, and agricultural development without construction of appropriate water infrastructure and treatment facilities [1, 2] . Water pollution is a particularly severe problem in developing countries and adequate water quality monitoring is required to understand and manage the water quality. In Malaysia, 42 highly polluted tributaries were identified in the 1980s [3] . In the 1990s and 2000s, almost 60% of the major rivers were regulated for domestic, agricultural, and industrial purposes, due to water quality degradation by the wastewater from housing, industrial, and business areas [4, 5] .
The Galing River is the main drainage system of the Kuantan area and it flows through the most urbanized area of Kuantan city, located on the east coast of peninsular Malaysia. Kuantan is the state capital of Pahang and the 17th largest city in Malaysia [6] . The National Physical Plan 2005 identified Kuantan as one of the country's future growth centers and a hub for trade, commerce, transportation, and tourism, owing to its strategic location on the east coast. Following the implementation of the "Kuantan District Locality Plan 2004-2015" over the past decade, the area has developed rapidly, resulting in environmental degradation [7] [8] [9] [10] . As shown in Figure 1 , the east coast area of Kuantan city has been notably urbanized and agricultural and forest regions have been converted to housing and business/servicing purposes during this period.
Our research group focused on several rivers in Kuantan in a previous study [11] . The study revealed that pollution levels in the three rivers (Kuantan River: Class I-III, Belat River: Class I-III, and Galing River: Class I-V) were related to the urbanization of the river basin area. The average percentage increases of housing and business/service areas were as follows: Kuantan River (7.78% and 0.829%, respectively) < Belat River (21.1% and 1.69%, respectively) < Galing River (30.5% and 5.38%, respectively). Further pollution of the Galing River was predicted owing to poor water treatment of household/sewage wastewater discharged from the river basin area. The Galing River is one of the most polluted rivers in peninsular Malaysia because of industrialization and high human activity in the basin area. In addition, as background research, our research group monitored trends in the test parameters in the Galing River during different periods of one year (May, August, and November 2015) and for three years (May 2014, May 2015, and March 2016) based on the weather data ( Figure S1 ), as shown in Figures S2 and S3 , respectively. Each data were summarized in Tables S1, S2, S3 and S4. Background research revealed that the water quality was constantly in the "low classification" categories of the Natural Water Quality Standards (NWQS) for Malaysia. Thus, detailed monitoring of the river is required in each area of Kuantan city to optimize the location of sewage treatment systems and improve water quality.
Our research group focused on detailed evaluation of the environmental burden of each lot of Kuantan city on the Galing River's water quality. In this research, several ionic species (anions: SO 4 2− , Cl − , and NO 3 − , cations: Na + , K + , NH 4 + , Mg 2+ , and Ca 2+ ) were monitored using ion-exclusion/cation-exchange chromatographic (IEC/CEC) systems. These ionic species are common components in the river water and are important parameters that help explain changes in the aquatic environment. Furthermore, several key water quality parameters such as dissolved oxygen (DO), chemical oxygen demand (COD), total phosphorus (TP), and pH, which are used in the water quality index (WQI) classification of the Department of Environment, Malaysia, were monitored [1, 12] . 
Materials and Methods

River Water Sampling
Water samples were collected from 19 different sites, as shown in Figure 1 , during the daytime on 5 March 2016, which recorded low precipitation from 2000 to 2012 ( Figure S1 ) [13] . The Galing River has two main tributary streams that merge into a single artery just before joining the Kuantan River. The sampling sites at the western side of the river are denoted by G1a-1 to G1a-8. The western side has two additional smaller tributaries, indicated as G1b-1 to G1b-2 and G1c-1 to G1c-4. The small tributary G1b joins G1a between G1a-3 and G1a-4, whereas the small tributary G1c joins the G1a between G1a-6 and G1a-7. G1a-1 to G1a-3 and G1b-1 to G1b-2 flow through the western and eastern side of the industrial area respectively, while the G1a-4 to G1a-8 and G1c-1 to G1c-4 flow through the urbanized area of the city. The eastern tributary of the river flows through the urbanized area and is denoted by G2-1 to G2-5.
All river water samples were collected at the center of the river from the surface water layer (0-15 cm from the surface). Water samples for IEC/CEC were filtered using a membrane filter (ϕ 0.45 µm; Acrodisc ® -25 mm syringe filters; Pall Co., Port Washington, NY, USA) immediately following collection and injected to the IEC/CEC system. These samples were temporarily refrigerated at 6 • C [14] . Water samples for COD and TP monitoring were temporarily refrigerated without filtration at 6 • C under dark storage and immediately monitored using a UV-visible detector with reagents [14] .
Reagents
All reagents were obtained from Sigma-Aldrich Co. (Greater St. Louis, MO, USA). Pure water (18 MΩ·cm at 25 • C) obtained from an ELGA-DV25 system (Elga LabWater, High Wycombe, UK) was used for dissolving and diluting the reagents. Standard solutions used in IEC/CEC were diluted from stock solutions to the appropriate concentrations using pure water.
IEC/CEC System for Anionic and Cationic Species
The IEC/CEC system consisted of an eluent delivering pump (Tosoh: DP-8020), an oven for separation column (Shimadzu: CTO-10A VP ), and a conductivity detector (Shimadzu: CDD-6A). To obtain adequate separation resolutions for the IEC/CEC peaks, two TSKgel Super IC-A/C separation columns packed with a polymethacrylate-supported weakly acidic cation-exchange resin (WCX) in H + -form (150 mm × 6.0 mm ID; 4 µm particle size, and 0.1 meq/mL capacity) were connected in tandem. The column temperature, eluent flow rate, and injection volume were 40 • C, 0.5 mL/min, and 30 µL, respectively [11] .
IEC/CEC was able to separate anions based on ion-exclusion/penetration effects in the WCX phase, and cations based on the cation-exchange effect with functional carboxylate groups in the column. The eluent contained a mixture of 6.0 mM tartaric acid and 2.0 mM 18-crown-6. Under optimal conditions, the calibration curves of the analyte were linear in the 0.050-1.0 mM range, and the correlation coefficients were 0.9958-0.9999. The detection limits (S/N = 3) were 0.632-2.22 µM. The relative standard deviation (RSD) of the peak areas of the analyte ions were 0.40%-1.5%.
Sensors and Optical Instruments for other WQIs
DO was determined locally using a portable DO meter (DO-31P; DKK-TOA Corp., Tokyo, Japan) immediately following sample collection. The pH values were measured using a desktop pH meter (CyberScan pH 510; Thermo Scientific, Waltham, MA, USA) in the laboratory immediately following collection. COD was determined using a UV-visible detector (DR900; HACH Company, Loveland, CO, USA) with a COD test reagent (COD-LR; HACH Company, Loveland, CO, USA) based on the dichromate method using potassium dichromate [15] . TP was determined by a UV-visible detector with a TP test reagent (TP-LR; HACH Company, Loveland, CO, USA) based on persulfate digestion with ascorbic acid method. Ammonium molybdate and antimony potassium tartrate reacted with dilute solutions of phosphorus in a potassium pyrosulfate medium to form yellow antimony-phospho-molybdate [16] .
Result and Discussion
Distribution of Ionic Species in the Galing River
The concentration of ionic species, with the exception of NO 3 − and NH 4 Figure 2 , the average concentration ratios of the ions in the downstream regions resembled ion concentration ratios in seawater [17] , suggesting that the main reason for the increase in ion concentrations in the downstream regions was the mixing of the river water with seawater. According to our previous study, high salinity values of 1.83 and 1.15 ppt (g/L) at G1a-7 and G1a-8, respectively, were detected [11] . From the above results, we inferred that water samples obtained within 1.8 km from the merging point with the Kuantan River were affected by seawater. Therefore, it was difficult to evaluate the anthropogenic environmental burden at sampling points G1a-7, G1a-8, and G2-5 using the IEC/CEC system. Consequently, these sampling points were deselected for the discussion and evaluation of the water quality in the Galing River. The behavior of ionic concentrations are indicated in Figure 3 and the average concentration in each area (G1a-1 to 3 (industrial area), G1a-4 to 6 (housing area), G1b (industrial area), G1c (housing area), and G2 (housing area)) are summarized in Table 1 . From Figure 3 and Table 1 , the lowest and highest average concentration of SO 4 2− were detected in G1a-1 to 3 (3.18 mg/L) and G1c (17.7 mg/L), respectively. The lowest and highest average concentration of NO 3 − were detected in G1a-1 to 3 (0.117 mg/L) and G2 (2.14 mg/L), respectively. The highest average concentration of NH 4 + (17.4 mg/L) was detected in G1a-1 to 3 and the lowest concentration was detected in G2 (1.37 mg/L). Levels of these ionic species were dependent on aerobic and anaerobic biological reactions, rendering evaluation of anthropogenic environmental load difficult individually. In the case of Mg 2+ and Ca 2+ , the highest average concentration was detected in G1a-1 to 3 (Mg 2+ : 3.22 mg/L and Ca 2+ : 19.2 mg/L) and the lowest concentration was detected in G1c (Mg 2+ : 1.45 mg/L and Ca 2+ : 9.80 mg/L). In the case of K + , the highest and lowest average concentration was detected in G1a-1 to 3 (12.8 mg/L) and G2 (3.81 mg/L), respectively. These ionic species are strongly related to geological conditions and evaluation of their individual environmental load is difficult [18] [19] [20] . However, concentration of Cl − and Na + are strongly affected by human activity along with geological conditions, especially in regions without brackish-water [16, 17] . Additionally, types of ionic pairs that originate from human activity are mostly in the form of NaCl [16] [17] [18] . Good correlation was obtained between Na + and Cl − , as shown in Figure 4 . Thus, these ionic species can be used as one of the parameters to reflect human activity [16] [17] [18] . The lowest and the highest average concentration of Cl − and Na + were detected in G2 (Cl − : 13.3 mg/L and Na + : 10.6 mg/L) and G1a-1 to 3 (Cl − : 38.2 mg/L and Na + : 28.2 mg/L), respectively. Relatively low environmental burden and low anthropogenic effect were detected in G2 in terms of Cl − and Na + concentration compared to other sampling points. Comparison of ion concentration ratios of Galing River water samples collected upstream ((A) Average ionic concentration ratio of G1a-1 to 6, (B) G1b-1 to 2, (C) G1c-1 to 4 (D) G2-1 to 4) and downstream ((E) Average ionic concentration ratio of G1a-7 to 8, (F) G2-5) and sea water ((G) sea water [19] Relationship between concentrations of Cl − and Na + at sampling points along the Galing River.
Distribution of Water Quality Parameters in the Galing River
The values of WQI are summarized in Figure 5 . As seen in Figure 5A and Table 1 , the pH values were similar, ranging between 5.70 and 6.27, except for G1a-1 to 3 (industrial area), where the pH values moderately increased from G1a-1 (4.47) to G1a-3 (5.67). The DO value increased from upstream to downstream (2.20 to 3.87 mg/L) in G1a, while it decreased in G1c from upstream to downstream (4.36 to 2.12 mg/L). In addition, no particular trend was observed in G1b and G2. COD and TP exhibited a similar trend; slightly higher values were observed in G1a-1 to G1a-3 (COD: 302 to 271 mg/L, TP: 7.63 to 12.2 mg/L) compared to other sampling points, as shown in Figure 5C ,D.
The average concentration of WQI in each area (G1a-1 to 3 (industrial area), G1a-4 to 6 (housing area), G1b (industrial area), G1c (housing area), and G2 (housing area)) are summarized in Table 1 . As seen in Table 1 , the lowest and the highest average concentration of pH was detected in G1a-1 to 3 (5.07) and G1c (6.15), respectively. The lowest and the highest average concentration of DO was detected in G1a-1 to 3 (2.23 mg/L) and G2 (5.18 mg/L), respectively. The lowest and highest average concentration of COD and TP was detected in G2 (COD: 9.81 mg/L, TP: 1.64 mg/L) and G1a-1 to 3 (COD: 278 mg/L, TP: 11.1 mg/L), respectively. As a result, slightly high environmental burden compared to other areas was detected in G1a (G1a-1 to 3) in the industrial area, while ionic concentrations as well as WQI indicate relatively low anthropogenic influence in G2. 
The average concentration of WQI in each area (G1a-1 to 3 (industrial area), G1a-4 to 6 (housing area), G1b (industrial area), G1c (housing area), and G2 (housing area)) are summarized in Table 1 . As seen in Table 1 , the lowest and the highest average concentration of pH was detected in G1a-1 to 3 (5.07) and G1c (6.15), respectively. The lowest and the highest average concentration of DO was detected in G1a-1 to 3 (2.23 mg/L) and G2 (5.18 mg/L), respectively. The lowest and highest average concentration of COD and TP was detected in G2 (COD: 9.81 mg/L, TP: 1.64 mg/L) and G1a-1 to 3 (COD: 278 mg/L, TP: 11.1 mg/L), respectively. As a result, slightly high environmental burden compared to other areas was detected in G1a (G1a-1 to 3) in the industrial area, while ionic concentrations as well as WQI indicate relatively low anthropogenic influence in G2. Figure 6 . As shown in Figure 6 , G1b-1 to 2, G1c-1, and G2-1 to 4 were under oxygenated conditions (>4 and ≤6 mg/L) while other sampling points were under low oxygen conditions (>2 and ≤4 mg/L) [21] . Under oxygenated conditions, aerobic oxidation of organic nitrogen and phosphorus compounds due to microorganisms (Equation (1)) and nitrification caused by nitrifying bacteria (Equation (2)) are facilitated [22] [23] [24] . Thus, organic nitrogen and phosphorus compounds were decomposed to NH 3 , which dissolved to form NH 4 + in the water phase. DO was converted to bicarbonate ions. 
However, decomposition of organic nitrogen compounds due to microorganisms (Equation (3)) and denitrification by denitrifying bacteria (Equation (4)) were expected under low oxygen conditions [25] [26] [27] . The organic compounds in the river water were decomposed to NH 4 + and NO 3 − was reduced through denitrification. Therefore, simultaneous NH 4 + formation and NO 3 − reduction occurred under low oxygen conditions. These anaerobic biological reactions (Equations (3) and (4) in G1b-1, G1b-2, G1c-1, G2-3, and G2-4, despite oxygenated conditions. This result is poorly understood, although the influence of wastewater containing high NH 4 + levels, such as incomplete or untreated raw sewage water has been suggested. As a consequence, all sampling points in the western side of the Galing River (G1) except G1b-1, 2, and G1c-1 were under anaerobic conditions (DO: 1.90 to 3.87 mg/L) and higher NH 4 + concentration was detected compared to NO 3 − . However, the eastern side of the river (G2) was under aerobic conditions and aerobic biological reactions were dominant at least in sampling points G2-1 and G2-2.
From the above results, we inferred that the western side of the Galing River (G1) was more affected by human activity, such as household or industrial wastewater influx, compared to the eastern side. 
Comparison of the Correlation between COD and TP or Total inorganic nitrogen in the Galing River
Our research group focused on the differences in the correlation between COD and TP or TIN (Total inorganic nitrogen: NH4 + -N and NO3 − -N). In this section, we discuss the relationship between change in COD with variation in TP and TIN, because these parameters are inextricably associated with different types of anthropogenic environment loads.
From the obtained data, a positive correlation between COD and TP or TIN was observed. A higher correlation was obtained between COD and TP (COD/TP: R 2 = 0.8356) compared to TIN (COD/TIN: R 2 = 0.6261), as shown in Figure 7 , and can be attributed to two reasons. In Kuantan, there are 228 sewerage treatment plants, many of which were built in the early 1970s, of which individual septic tanks (ISTs) treat 51%, centralized sewer systems treat 47%, and individual primitive systems treat the remaining 2% of sewage/household wastewater [28] . However, ISTs are not highly efficient in removing nutrients and organic compounds with removal capacities of 5%-18% [29] and 50%-78%, [30] respectively. Therefore, higher COD/TP correlation could be due to wastewater containing incomplete or untreated raw sewage water. Secondly, NO3 − -N in TIN was reduced to N2 gas through denitrification by denitrifying bacteria. In contrast, organic and inorganic phosphorus were not reduced to gas by biological reactions [22] [23] [24] [25] [26] [27] .
Thus, we inferred that TP was strongly related to COD, and TP was likely to have been of organic compound origin. While the correlation between COD and TIN was lower than COD and TP, the behavior of TIN was affected by several biological reactions and an influx of incomplete or untreated raw sewage water or other wastewater including ionic inorganic nitrogen. 
Our research group focused on the differences in the correlation between COD and TP or TIN (Total inorganic nitrogen: NH 4 + -N and NO 3 − -N). In this section, we discuss the relationship between change in COD with variation in TP and TIN, because these parameters are inextricably associated with different types of anthropogenic environment loads. From the obtained data, a positive correlation between COD and TP or TIN was observed. A higher correlation was obtained between COD and TP (COD/TP: R 2 = 0.8356) compared to TIN (COD/TIN: R 2 = 0.6261), as shown in Figure 7 , and can be attributed to two reasons. In Kuantan, there are 228 sewerage treatment plants, many of which were built in the early 1970s, of which individual septic tanks (ISTs) treat 51%, centralized sewer systems treat 47%, and individual primitive systems treat the remaining 2% of sewage/household wastewater [28] . However, ISTs are not highly efficient in removing nutrients and organic compounds with removal capacities of 5%-18% [29] and 50%-78%, [30] respectively. Therefore, higher COD/TP correlation could be due to wastewater containing incomplete or untreated raw sewage water. Secondly, NO 3 − -N in TIN was reduced to N 2 gas through denitrification by denitrifying bacteria. In contrast, organic and inorganic phosphorus were not reduced to gas by biological reactions [22] [23] [24] [25] [26] [27] . Thus, we inferred that TP was strongly related to COD, and TP was likely to have been of organic compound origin. While the correlation between COD and TIN was lower than COD and TP, the behavior of TIN was affected by several biological reactions and an influx of incomplete or untreated raw sewage water or other wastewater including ionic inorganic nitrogen. 
Water Quality Classification Using Natural Water Quality Standards for Malaysia
We compared and evaluated several areas of Kuantan based on the water quality data and water quality class as described in the NWQS for Malaysia (Table 2) to assess the load on each area and suggest suitable water treatment methods [12] . The NWQS for Malaysia is applied to surface waters and establishes standard values for 72 parameters in six water use classes. In the case of Class I, the natural environment is conserved, no treatments are required for water supply, and the water is available for very sensitive aquatic species. In the case of Class II, conventional treatment is required for water supply and the water is available for sensitive aquatic species, recreational use, and body contact. In the case of Class III, extensive treatment is required for water supply and the water is available for common use, tolerant species, species of economic value, and livestock drinking. Class IV water is used for irrigation and Class V has the lowest water quality compared to the above classes. Water quality classifications for the sampling points are indicated in Table 3 .
Firstly, all area classifications of NH 4 + -N in the western side of the river (G1) were class IV or V while the eastern side were class I to III, except for G2-4, which recorded class V. These results indicate that the eastern side of the Galing River maintained relatively high water quality compared to the western side and downstream area of the river. Similarly, all classifications for COD and DO in the western side of the river (G1) were class III to V, except for G1a-6 (class II) and G1c-1 (class I), and class III to IV except for G1b-2 (class II), respectively. However, classifications for COD and DO in the eastern side of the river were I to II or II to III, respectively. The above three parameters are strongly related, as described by Equations (3) and (4). Therefore, DO classification was derived from COD classification due to higher consumption of the DO during the degradation of organic compounds, when NH 4 + was generated. From the above results, we infer that the environmental load on the western side of the Galing River was heavier compared to the eastern side due to the higher organic content in the household and/or industrial wastewater and the direct inflow of untreated raw sewage wastewater containing ammoniacal nitrogen. Secondly, all area classifications of pH in the western and eastern sides of the river, except for G1a-1, were class II to III/IV. However, pH in the sampling point G1a-1 was class V (pH = 4.47) and was near-class V level in G1a-2 (pH = 5.08). These areas (G1a-1 and G1a-2) are on the western side of the industrial area and some effect of industrial wastewater in decreasing the pH is suggested.
Thus, based on the available data, we inferred that the western side of the Galing River was more affected by human activity and belonged to a lower class in terms of ammoniacal nitrogen, COD, and DO, compared to the eastern side. Furthermore, class V or near class V pH values were obtained upstream on the western side of the river (G1a-1 and G1a-2) in the industrial area. As a result, two types of environmental burden were expected in the western side of the Galing River, namely, inflow of industrial wastewater upstream and effect of household wastewater or untreated raw sewage wastewater. Table 2 . Natural water quality standards in Malaysia [12] . 
Conclusions
In this study, our research group monitored water quality in all parts of the Galing River using IEC/CEC for ionic concentrations and several sensor methods for water quality indexes. As a result, we have demonstrated the following:
(1) From the obtained concentration of Cl − and Na + , relatively low environmental burden and anthropogenic influence was detected in G2 compared to the rest of the Galing River basin area. (2) In terms of ammoniacal nitrogen, COD, and DO, the western side of the Galing River was affected by higher human activity such as an influx of industrial, household, and untreated raw sewage wastewater, and registered lower class levels compared to the eastern side. (3) Class V or near class V pH values were obtained upstream on the western side of the Galing River (G1a-1 and G1a-2) in the industrial area. (4) From the results of (2) and (3), two types of environmental burden were expected in the western side of the Galing River due to the effect of industrial wastewater upstream, and household wastewater or untreated raw sewage in the wastewater.
Future research should monitor normal parameters as well as heavy metal species in industrial, raw sewage, and household wastewaters discharged from all parts of the Galing River basin area to understand the role of the source on water quality. Evaluation of the water quality data with a detailed data set pertaining to Kuantan city (industry type, population of each lot, etc.) should be investigated. In addition, construction of a new water treatment facility, sewage system, and a detailed inspection of industrial wastewater in the western side of the Galing River basin area are absolutely imperative. Renovation of the water quality conservation system and improvement of water quality from Class IV/V (e.g., irrigation or only drainage) to Class II (e.g., recreation usage) is also suggested. 
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